Uric acid (UA) is a major antioxidant molecule in the human blood, and it has been linked with cell longevity. However, it is unclear whether serum UA levels are associated with red blood cell (RBC) indexes. This cross-sectional study included 10,759 Chinese subjects, recruited from the Shanghai Xuhui Central Hospital from January 2014 to December 2017. The participants were categorized into gender groups and then further divided into three different subgroups according to their UA reference range as follows: low (male (UA < 0 202 mmol/l), female (UA < 0 143 mmol/l)), normal (male (0.417 mmol/l > UA ≥ 0 202 mmol/l), female (0.339 mmol/l > UA ≥ 0 143 mmol/l)), and high (male (UA ≥ 0 417 mmol/l), female (UA ≥ 0 339 mmol/l)). The associations of UA levels with RBC parameters were analyzed using 1-way ANOVA, Pearson correlations, and multivariate linear regression. The levels of mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, RBCs, and hemoglobin were lowest in the low UA group, followed by the normal UA group and high UA group (p < 0 001). Pearson analysis showed that there was a statistically significant correlation between UA levels with mean corpuscular hemoglobin, mean corpuscular hemoglobin concentrations, mean corpuscular volumes, RBC counts, and hemoglobin (p < 0 05). Multiple linear regression analysis suggested that there were statistically significant positive correlations between UA levels and RBC counts (B = 0 245, p < 0 001, 95% CI = 0 003 to 0.092), as well as UA levels and hemoglobin concentrations (B = 0 138, p < 0 001, 95% CI = 0 002 to 0.082). Furthermore, similar results were observed in both the male and female subgroups. The serum UA levels may be independently associated with RBC parameters, regardless of sex, and UA may protect RBCs owing to its antioxidant effect.
Introduction
Uric acid (UA) oxidase, an enzyme that converts UA to 5-hydroxy isourate and H 2 O 2 , was lost in hominoids during primate evolution. This loss of UA oxidase may have evolutionary advantages [1, 2] , as the average level of serum UA in human is 5-to over 20-fold higher than in most other mammals [1] . UA, a naturally occurring product of purine metabolism, is a major water-soluble antioxidant molecule in human plasma with metal-chelating properties, and it has the ability to scavenge nitrogen radicals and superoxide in plasma, which helps block the generation of the strong oxidant peroxynitrite [3] [4] [5] . The level of serum UA has been shown to have a significant positive correlation with total antioxidant potential in the blood (p < 0 05) [6] [7] [8] [9] .
There has been increasing experimental and clinical evidence suggesting that higher plasma UA levels may protect humans from cancer, multiple sclerosis, central nervous system diseases, glaucoma, and other life-shortening disorders [10] [11] [12] [13] [14] [15] [16] . For example, Whiteman et al. [17] have shown that treatment with UA inhibits the onset of clinical disease in an acute aggressive form of allergic encephalomyelitis in mice. Moreover, recent evidence from an in vitro study has shown an intrinsic variability in plasma UA levels that might be related to the interdonor variability observed in the storage capacity of red blood cells (RBCs) , and this has led to the proposal of a model for the antioxidant effect of UA during RBC storage [18] . There was also a negative correlation between the levels of heme degradation products and RBC deformability, establishing the contribution of RBC oxidative stress to impaired deformability and cellular stiffness [19] .
RBCs play an important role in the transport of oxygen from the lungs to other tissues. There is growing evidence to suggest that oxidative stress plays a significant role in damaging the RBC membrane and impairing its deformability [18] [19] [20] . During blood circulation, RBCs are particularly susceptible to oxidative stress, as they are continuously exposed to high oxygen levels, both endogenously and exogenously. The influence of unneutralized reactive oxygen species (ROS) on RBCs was damage the RBC membrane, impairing the flow of RBCs through microcirculation and the delivery of oxygen to tissue [21, 22] .
Although UA has been shown to play a role in RBC storage in vitro as an endogenous antioxidant, to our knowledge, the relationship between UA levels and RBCs in human health has not been studied previously. It can be hypothesized that low levels of UA are associated with increased oxidative stress and inflammation, and UA may provide protection for RBCs through its antioxidant properties. Thus, we performed this large-sample cross-sectional study to assess the association between serum UA levels and RBC indexes.
Materials and Methods
2.1. Subjects. The study was approved by the Ethics Committee of the Shanghai Xuhui Central Hospital (2018025), Shanghai, China, and was conducted according to the Declaration of Helsinki. Subjects were recruited from participants in yearly health screenings of the Shanghai Xuhui Central Hospital from January 2014 to December 2017 according to the inclusion criteria listed below.
Medical examinations were performed by respective physicians for all subjects at the Shanghai Xuhui Central Hospital. Those on treatment with agents affecting laboratory parameters, including patients with hematological disorders and chemotherapy treatment, were excluded. Subjects had no diabetes, hypertension, anemia, hematological system diseases, active infections, or major systemic diseases (autoimmune diseases and cancer) that could affect the levels of erythrocyte parameters. Children (age < 14) were also excluded. Based on these criteria, 7791 subjects were excluded from the study. In addition, 488 subjects were excluded because of missing information. As part of the standard of care at the Shanghai Xuhui Central Hospital, peripheral blood samples were routinely collected and tested for UA levels and complete blood counts. Clinical and demographic information were obtained from the medical data platform of the hospital.
Laboratory Analysis.
Complete blood counts that included mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), mean corpuscular volume (MCV), red blood cell distribution width (RDW), RBCs, and hemoglobin were measured with the Mindray BC-5500 (Shenzhen, China) automatic blood counting system. The blood samples (2 ml) were collected in ethylenediaminetetraacetic acid (EDTA) tubes. RBC parameters were measured within 0.5 hours after blood collection. Then, another 4 ml blood sample, which was obtained in the morning after the subjects had fasted for 8 hours, was used for UA and creatinine (Cr) measurements. Serum levels of UA and Cr were measured within 3 hours after blood collection by enzymatic colorimetry using a commercially available kit (Roche Diagnostics GmbH, Mannheim, Germany). Internal controls were analyzed daily over the 3-year period, with typical monthly CVs of 2%-7% and no significant changes in measured values.
2.3. Subgroup Analysis. The reference range of UA was 0.2023-0.4165 mmol/l for males and 0.1428-0.3392 mmol/l for females. Therefore, the subjects were categorized into gender subgroups. According to the level of serum UA, the male subjects were divided into 3 subgroups (low UA group (UA < 0 202 mmol/l), normal UA group (0.417 mmol/l ≥ UA ≥ 0 202 mmol/l), and high UA group (UA > 0 417 mmol/l)). The female subjects were also divided into 3 subgroups (low UA group (UA < 0 143 mmol/l), normal UA group (0.339 mmol/l > UA ≥ 0 143 mmol/l), and high UA group (UA > 0 339 mmol/l)).
Statistical Analysis.
The data were analyzed using SPSS13.0 (SPSS Inc., Chicago, IL) and GraphPad Prism 6 software (La Jolla, CA). The results are presented as the mean ± standard deviation (SD). The UA/Cr ratio is reported as UA * 1000/Cr. Normality was assessed with the Kolmogorov-Smirnov test. The chi-square tests were used to compare the categorical variables among the three groups. The one-way ANOVA test was used to compare the continuous variables among the three groups. The associations between UA levels and RBC parameters were analyzed using Pearson correlation analysis. After simple linear correlation analysis, multivariate linear regression analysis was performed to confirm RBC parameters that were associated with UA levels and UA/Cr ratios. A two-sided p < 0 05 was considered statistically significant.
Results

Characteristics of the Study Subjects.
A total of 10,759 subjects (6368 males, 4391 females) were studied according to the inclusion criteria. Subjects' average age was 50 17 ± 16 22 (range, 14-89) years. The general and clinical characteristics of the study participants are presented in Table 1 .
Comparison of RBC Parameters Stratified according to the Level of UA.
Based on the level of UA, the subjects were categorized into three subgroups: 494 subjects were classified as low UA, 8615 as normal UA, and 1650 as high UA group. A comparison of the RBC parameters in the subjects is shown in Table 2 and Figure 1 . The mean levels of MCHC, RBCs, and hemoglobin were the lowest in the low UA group, followed by the normal UA group and the high UA group (p < 0 001). Similar results were also observed in the male subgroup (Table 3 , Figure 2 ). The mean level of MCH was higher in the low UA group compared to both normal and high UA groups. Regarding the male subjects, MCH levels showed no statistically significant variation between the three groups (p = 0 815) ( Figure 2 and Table 3 ). However, in the female subgroup, this was true only of RBC and hemoglobin levels, which were the lowest in the low UA group, followed by the normal UA group and the high UA group (p < 0 001); however, no correlation was found between RBC levels and MCH or MCHC levels (Table 3, Figure 3 ).
Pearson Analysis of the Association between
Serum UA Levels and RBC Parameters. Pearson analyses were performed to identify the associations between serum UA levels and the UA/Cr ratio with RBC parameters. UA levels significantly correlated with MCH, MCHC, MCV, RBC, and hemoglobin levels (p < 0 05). Furthermore, similar results were also found between the UA/Cr ratio and RBC parameters. The specific analysis results are shown in Figure 4 and Supplementary Table 1 . The association of serum UA levels and the UA/Cr ratio with RBC parameters was also analyzed in the male and female subgroups (Figures 5 and  6, Supplementary Tables 2 and 3 ).
Multiple Linear Regression
Analysis of Serum UA Levels and RBC Parameters. Multiple linear regressions were used to confirm the association between UA levels with RBC parameters (Table 4) . After adjustment for age, gender, and body mass index, a statistically significant positive correlation between UA levels and RBC counts was observed (B = 0 245, p < 0 001, 95% CI = 0 003 to 0.092), as well as UA levels and hemoglobin levels (B = 0 138, p < 0 001, 95% CI = 0 002 to 0.082), the UA/Cr ratio and RBC counts (B = 0 089, p < 0 001, 95% CI = 0 136 to 0.350), and the UA/Cr ratio and hemoglobin levels (B = 0 085, p < 0 001, 95% CI = 0 004 to 0.011). Furthermore, similar results were also observed in both the male and female subgroups (Table 5 ).
Discussion
RBCs are the most abundant cell type in the human blood; these cells contain UA but lack DNA, organelles, and protein-synthesizing machinery. Although UA contributes significantly to the radical-scavenging antioxidant capacity of plasma, the function of UA for RBCs is unclear. Several parameters were measured to see if UA could mitigate oxidative stress injury. The present study investigated the relationship between serum UA levels and RBC parameters in the blood obtained from patients. In this large-sample cross-sectional study, the level of UA was significantly associated with MCH, MCHC, MCV, RBC, and hemoglobin levels in simple linear correlation analysis. Furthermore, multivariate linear regression analyses confirmed that there were significant positive correlations between hemoglobin and UA levels as well as RBC counts and UA levels, after adjustment for potentially confounding variables. Inevitably, the serum concentrations of UA will be influenced by renal function, and we therefore used the UA/Cr ratio to reduce any possible interference in the interpretation of results caused by differences in renal function. Furthermore, similar results were observed in both male and female subgroups.
Pearson analysis was used to demonstrate that serum levels of UA are negatively correlated with MCV in both the male and female study groups. MCV is a common item included in the complete blood cell count examination package without any transformation and reflects the average volume of circulatory red blood cells. Recently, several studies reported that higher MCV was strongly associated with increased risk of death and cardiovascular disease [23, 24] . It is possible that oxidative stress may be part of the mechanism contributing to the increase of MCV with age and its association with mortality, given that oxidative stress can reduce RBC survival [25] . Hemoglobin accounts for 95 to 97% of the cytosolic protein content of RBCs and delivers oxygen to tissues throughout the body by the reversible binding of oxygen [26] . In other words, the higher the hemoglobin concentration is in RBCs, the more oxygen can be transported. In this study, a significant positive association between serum UA levels and hemoglobin was observed by Pearson analysis. Furthermore, multivariate linear regression analyses also confirmed that there was a significant positive correlation between hemoglobin and UA levels. Although limited data are available from the literature concerning the association of serum UA levels with RBCs and hemoglobin, it seems to be that higher blood UA levels may protect RBC from oxidative stress damage.
In this study, multivariate linear regression analyses demonstrated that there is a statistically significant positive correlation between UA levels and RBC counts, while Sinha et al. [6] reported that the level of serum UA was positively associated with total antioxidant concentrations. Therefore, we hypothesized that UA may function as a blood antioxidant, protecting RBCs from oxidative damage and potentially increasing RBC lifespan and function. Qasim and Mahmood [27] reported that creatine, which is also an antioxidant molecule, can prevent the induction of oxidative stress in erythrocytes caused by 2,2 ′ -azobis(2-amidinopropane) dihydrochloride and hydrogen peroxide. Healthy individuals with low serum UA levels exhibited a higher ROS level compared to those with high serum UA levels. This has led to the proposal that higher UA levels may protect against cellular aging in normal RBCs [18] . UA was able to shield RBCs from modification and prevent build-up of carbonyl groups, as well as protect against oxidative modification of proteins. Structural changes in echinocytes and spherical RBCs can be caused by foreign molecules (ROS, nitrogen radicals, and superoxide) in either the outer or inner monolayer of erythrocyte membranes [28] . UA was very effective in protecting the RBCs from oxidative stress damage and greatly restored RBC morphology. The protective effects of UA in RBCs can be attributed to its direct antioxidant activity, quenching free radicals and ROS. Serum UA may maintain the smooth membrane surface of RBCs, thus preventing the formation of echinocytes and spherical RBCs. Scanning electron micrographs of stored RBCs from donors showed that the prevalence of spheroechinocytosis in the blood of low UA donors was higher than that of high UA donors [18] . Decreased deformability (spheroechinocytosis) of RBCs is one of the factors that can contribute to the elimination of aged or damaged RBCs from circulation [19] . Itahana et al.'s [29] findings suggest that the p53-SLC2A9 pathway is a novel antioxidant mechanism that uses UA to maintain ROS homeostasis and prevent accumulation of ROS-associated damage. Therefore, UA was very effective in protecting RBCs from reduction in deformability and in the generation of aged or damaged RBC. Moreover, UA levels were positively correlated with RBC counts in a statistically significant fashion and negatively correlated with MCV. Hemoglobin accounts for 95 to 97% of the cytosolic protein of RBC [26] , resulting in total hemoglobin concentrations that increase with increasing RBC counts in the blood. Therefore, the levels of serum UA were also positively correlated with total hemoglobin concentration, a finding that was statistically significant.
Strengths of our analysis include the relatively large sample size, the subgroup analysis including all subjects, and an analysis further adjusted for an extensive set of possible confounding variables. However, our study also has some limitations that should be considered. First, as this is a crosssectional study, our ability to explore the exact mechanisms underlying the associations between serum UA concentration and RBC remained limited, and we did not measure endogenous and exogenous uric acid separately. Second, although children and other patients with conditions that can affect UA concentrations, including diabetes, hypertension, and anemia, were excluded from this study, several subjects with UA levels as low as 0.05 mmol/l were identified. The reason may be that it is more difficult to detect hereditary hypouricemia and xanthurenic aciduria through medical screenings; thus, such patients were not excluded from this study. Moreover, we did not consider how differences in exercise habits, smoking habits, drinking habits, and dietary preferences might affect serum UA concentrations. Third, despite the significantly low p values, the r values varied from small to moderate power in some cases. The reason may be that the diurnal variation of UA levels and day-to-day inperson variation of red blood cell indicator variables were not taken into account. Moreover, several subjects with UA levels as low as 0.05 mmol/l may influence the results of simple linear correlation. Therefore, further research was necessary in order to confirm our results.
Conclusions
In summary, our study suggested that there was a significant positive correlation between UA levels with RBC counts and total hemoglobin concentrations. To the best of our knowledge, this is the first study to report that serum UA levels may be independently associated with RBC parameters. Our findings support the hypothesis that UA plays a beneficial role in RBC longevity. 
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